We present a study of density fluctuations in two-dimensional soap-film convection. When the temperature difference (T) imposed vertically along the film is smaller than a critical value (T C 48 K), the convective motion is in a strongly stratified state and the frequency power spectrum of density fluctuations shows a Bolgiano-like scaling f ÿ7=5 in the buoyancy subrange. When T > T C , the fluid motion crosses over to a strongly mixed state characterized by the emergence of a large-scale circulation. The density power spectrum in this state has a passive-scalar-like scaling f ÿ1:0 . Experience tells us that when a soap film is set vertically, it stratifies rapidly. Once the top of the film becomes too thin to support its weight, it breaks. It was discovered a few years ago that when a temperature gradient is applied vertically along the film, steady-state buoyancy-driven convection can be initiated and maintained [1]. The convective flow replenishes the fluid loss due to stratification, making the film more uniform. In the steady state, thermal convection is vigorous and can last indefinitely. The film is stably stratified, similar to Earth's atmosphere, and has strong two-dimensional (2D) characteristics. We noted that the film thickness h is about 10 3 times smaller than its lateral extent and the flow field is constrained to the film plane [2]. This 2D characteristic was exploited in this work by the fact that important dynamic quantities such as the velocity and the 2D density ( 2 h 3 ) of the fluid are assessable by particle image velocimetry (PIV) and infrared remote sensing techniques [3, 4] , where 3 is the density of water. An interesting result of the study is the observation of an abrupt change in the dynamics of density fluctuations and the compressibility of the fluid when the convective motion crosses over from a strongly stratified regime to a strongly mixed regime in which the kinetic energy (KE) of thermal plumes overwhelms the potential energy (PE) of stratification. This crossover is brought about by an increase in the temperature difference T and is characterized to be the onset of a large-scale circulation (LSC).
Experience tells us that when a soap film is set vertically, it stratifies rapidly. Once the top of the film becomes too thin to support its weight, it breaks. It was discovered a few years ago that when a temperature gradient is applied vertically along the film, steady-state buoyancy-driven convection can be initiated and maintained [1] . The convective flow replenishes the fluid loss due to stratification, making the film more uniform. In the steady state, thermal convection is vigorous and can last indefinitely. The film is stably stratified, similar to Earth's atmosphere, and has strong two-dimensional (2D) characteristics. We noted that the film thickness h is about 10 3 times smaller than its lateral extent and the flow field is constrained to the film plane [2] . This 2D characteristic was exploited in this work by the fact that important dynamic quantities such as the velocity and the 2D density ( 2 h 3 ) of the fluid are assessable by particle image velocimetry (PIV) and infrared remote sensing techniques [3, 4] , where 3 is the density of water. An interesting result of the study is the observation of an abrupt change in the dynamics of density fluctuations and the compressibility of the fluid when the convective motion crosses over from a strongly stratified regime to a strongly mixed regime in which the kinetic energy (KE) of thermal plumes overwhelms the potential energy (PE) of stratification. This crossover is brought about by an increase in the temperature difference T and is characterized to be the onset of a large-scale circulation (LSC).
Our experimental setup [1] consists of two anodized aluminum blocks (10 cm in diameter and height) maintained at two different temperatures, T H and T L . The temperature of each block was controlled by a Tronac controller with a stability of 10 mK. The two aluminum blocks were aligned coaxially with an adjustable gap H between them. A stainless steel (SS) reservoir was imbedded in the lower aluminum block and it contained the soap solution (3% liquid detergent with 97% water). To initialize a film, a SS strip (0.05 mm thick) with a rectangular hole 2 2 cm 2 cut in the center was lowered into the reservoir and withdrawn slowly. A soap film formed naturally around the hole and was kept in the gap (H 2 cm) between the cylinders. The overall temperature gradient imposed on the film was given by T=H T H ÿ T L =H. The velocity fields were measured using PIV [3] .
A novel feature of the experiment is the application of a mercury-cadmium-tellurium (HgCdTe) detector to measure thermal radiation from the film directly. The detector was kept at 77 K to reduce thermal noises. To increase the light collection efficiency, a high numerical aperture lens (NA 1:2) made of ZnSe was used. The incoming signal was mechanically chopped at a frequency of 4 kHz, preamplified before it was sent to a lock-in amplifier. A cold black screen (3 C) was placed behind the soap film to stabilize a low thermal background.
The radiation power P received by the IR detector is given by P "T 4 , where , ", and T are, respectively, the Stefan-Boltzmann constant, the emissivity, and temperature of the film. The constant is system dependent and is determined by calibration of the IR setup against a known target. The detailed calibration procedures were reported in Ref. [4] . The HgCdTe detector has a spectral range of 8-14 m, resulting in an effective extinction length Z 0 7:83 m for water. In all our measurements, Z 0 is greater than the average film thickness h and the soap film is semitransparent to IR photons. Consequently, the thermal emissivity " is not a constant but depends on h as " h=Z 0 [4] . Since the incoming signal contains fluctuations both in T and h, the relative contribution to the signal is given by P=P h=h 2 4T=T 2 1=2 . For our system jh=hj 0:30 and jT=Tj 0:01 [4] ; if one is interested in fluctuations in P, P is dominated by the variations of the film thickness or the 2D density of the fluid. Thus the measured power spectrum yields directly the density fluctuations in the film. 
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week ending 6 MAY 2005 deserve comment. We noted that thermal plumes are emitted predominantly from the bottom of the cell with only occasional cold plumes from the top. This observation is in contrast with the classical Rayleigh-Bénard convection (RBC), where the up-down symmetry is preserved. We also noted that when T is not so large, only the bottom part of the film is mixed by the plumes [see Fig. 1(a) ], leaving the top part relatively quiescent with intermittent gravity induced oscillatory waves. However, the lower mixed region expands with T as plumes gain more KE and are able to ascend to greater heights. This is delineated in Fig. 1(b) , where thermal plumes are just able to reach the top of the film. As T increases further, the system changes its behavior drastically; it appears to lose the left-right symmetry and tends to turnover, producing a LSC, which is delineated in Fig. 1(c) . The onset of LSC occurred at T C 48 2 K and the phenomenon is akin to those observed in 3D RBC [5] and in liquid crystal films [6] . The velocity fields yield similar information, showing gradual erosion of the quiescent region as T increases. This suggests that density stratification is an important element for understanding convection in these films. For all Ts, the density fields (see shadow graphs) appear far more complex than the velocity fields, containing intricate folds on different scales. One can also observe secondary instabilities [see Fig. 1(a) ], where small plumes ride on large falling ones.
To investigate the statistical properties of 2D density fluctuations, the time series of radiation signals were digitized at 1 kHz with a 12-bit resolution. The time-averaged power spectrum ÿf was then calculated. Figure 2 shows two spectra measured at T 1 44 and T 2 51 K. The detector was aligned such that thermal radiation from a small spot (diam 1 mm) at the center of the film was mapped onto the detector. We demonstrated that the radiation signal from the film was significantly greater than the background ÿ B f, measured by breaking the film. As illustrated by the lower curves in Figs. 2(a) and 2(b 
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174503-2 (T 2 ), where 1:0 0:1 and 3:1 0:3. The goodness of the scaling can be examined by the compensated spectra, which are displayed as insets in Figs. 2(a) and 2(b). Though the scaling range is limited, the exponent is nonetheless consistent between different runs and shows a remarkable jump when T passes a critical value T C 48 2 K as delineated in Fig. 3(a) . In contrast, the scaling exponent is less reproducible, showing large variations (3 < < 4:2) from run to run (see the inset). The above observation indicates there is a quantitative change in the density fluctuations before and after the onset of the LSC, which enhances mass transport and may even alter the overall mass distribution in the cell. To shed more light on the phenomenon, we investigated 2D density profiles as a function of T. In this part of the experiment, we relied on strong absorption of IR photons by water and used an IR camera (Inframetrics, Model 600L) to record the IR transmittance tx; y in the spectral range of 8-14 m when a heated plate 300 C was placed behind the film. The local film thickness h can be calculated according to Beer's law: hx; y ÿ Z 0 lntx; y [4, 7] . Figure 4 shows two thickness profiles measured at T 37 and 61.5 K. One observes that the foot of the film is rather thick and spans 2 mm in the lower part of the film. Above the foot, the film thins considerably with the average thickness of a few microns. For T 37 K [ Fig. 4(a) ], the thickness gradient is stably stratified with d h=dy < 0. However, for a large T 61:5 K [Fig. 4(b) ], the density gradient becomes unstably stratified with d h=dy > 0. Thus the onset of the LSC not only efficiently mixes the film, making it more uniform, but also has the remarkable effect of changing the stability of the film from the stable to the unstable stratification.
Accompanying the change in the mean density profiles, we also observed that the compressibility of the film varies with T. The effect is not coincidental but reflects an important coupling between the velocity and the 2D density, i.e., the 2D density in this experiment is not a passive scalar. It should also be pointed out that this compressible effect, though involving motion perpendicular to the film, does not affect the two dimensionality of the flow [2] . We define the dimensionless compressibility as C hr 2 ṽ 2 i h
, where i and j correspond to the two components of theṽ and r 2 is the 2D gradient operator [8] . By this definition, C varies between 0 and 0.5, where the upper limit corresponds to the extreme case when @v x =@x and @v y =@y are uncorrelated. The compressibility of the film for each T is displayed in Fig. 3(b) . For a small T<T C , the film is strongly compressible with C 33%. This is substantial considering that C max is 50%. For a large T>T C , C drops precipitously, similar to the exponent seen in Fig. 3(a) , and remains at a constant level of 24%. The value of C is comparable to the fluctuation in h, which we determined to be h=h 30% [4] .
To our knowledge density fluctuations in thermal turbulence either in stably or unstably stratified fluids have not been previously studied in a laboratory. Earlier signs that density fluctuations might affect turbulence behavior arose from an internal inconsistency when applying K41 to stratified Earth's atmosphere [9] . Deviations from the Kolmogorov k ÿ5=3 law were proposed by Bolgiano as a necessary consequence of the exchange of KE of turbulence and PE of density stratification. Bolgiano's fundamental idea can be recast for understanding thermal convection in soap films. The source of KE is thermal plumes that are constantly ejected from the thermal boundary layer. Because of density stratification, when a thick patch of fluid rises from the bottom, its KE is converted to 0.8 PE and spreads out in space. Thus, over a wide range of scales, there is a trade off between KE and PE. However, for sufficiently small scales such a trade off is less important because gravitational energy is insignificant on those scales. Thus dynamics on large (PE-dominant) and small (KE-dominant) scales are expected to be different. The scale separation is given by the Bolgiano scale l B 2 ÿ3=4 g= 2 ÿ3=2 " 5=4 2g 2 = ÿ3=4 2 = 2 ÿ3=2 " 5=4 , where g is the gravitational constant, is the eddy turnover time, " the energy injection rate, and d 2 2 =dt 1= 2 2 is a constant of motion [9] . Experimentally, we determined 2 = 2 0:3, v rms 3 cm=s, and the height of the mixing layer L 1 cm. This gives " v rms 3 =L 27 cm 2 =s 3 , 2L=2=v rms 1:1 s, and consequently l B 0:13 cm. The estimated l B is comparable in size to the fine striations of thermal plumes (see Fig. 1 ) but is about a factor of 3 smaller than the crossover length l c . This discrepancy may be a result of using the Taylor frozen-turbulence assumption to our closed system.
For large scales (l > l B ), the density stratification is the source of inhomogeneities and is a constant of motion [9] . Based on dimensional grounds, one expects
